This study was carried out to investigate the physical and thermal properties of κ-carrageenan (κ-car) gel added whey protein isolate (WPI) as a cryoprotectant. The concentration of κ-carrageenan was fixed at 0.2 wt%. The mean ice crystal size of the WPI/κ-car was decreased according to increasing whey protein isolate concentration. The temperature of gel-sol (Tg-s) and sol-gel (Ts-g) transition of WPI/κ-car maxtrix was represented in the order of 3.0, 0.2, 5.0 and 1.0 wt%. In addition, the transition temperature of gel-sol of WPI in sucrose solution were showed in order of 1.0, 5.0, 0.2 and 3.0 wt% depending on whey protein isolate concentration. The shape of ice crystal was divided largely into two types, round and rectangular form. 1.0 wt% WPI/κ-car matrix at pH 7 and 9 showed minute and rectangular formation of ice crystals and whey protein isolate in sucrose solution at a concentration of 1.0 wt% WPI/κ-car matrix at pH 3 and 5 showed relatively large size and round ice crystals. The ice recrystallization characteristics and cryprotective effect of κ-carrageenan changed through the addition of different concentrations of whey protein isolate. It seems that the conformational changes induced interactions between whey protein isolate and κ-carrageenan affected ice recrystallization.
Introduction
Whey proteins are important in the food industry, not only as components of dairy products, but also as ingredients in many non-dairy food products. The most abundant whey proteins, β-lactoglobulin (β-LG) and α-lactalbumin (α-LA), contribute greatly to the overall functional properties of whey ingredients, and have been studied in great detail. However, their stability after thermal processing continues to present a challenge to the food industry. The principal component of whey protein is β-LG, a globular protein with a molar mass of 18.3 kDa, containing two disulfide bonds and one free thiol group (Swaisgood, 1982) . With heating, this protein dominates the aggregation and gelation behaviour of whey proteins (Schokker et al., 1999) . The second most abundant protein, α-LA, is also globular, with a molar mass of 14.2 kDa (Swaisgood, 1982) . This protein shows heat-denaturation at relatively low temperatures (about 65 o C) compared to β-LG, but does not form large aggregates or gels when heated in isolation (McGuffey et al., 2005) . However, when heated with β-LG, the inaccessible thiol groups of α-LA react with those of β-LG, and α-LA is incorporated in the aggregates. Under these heating conditions, α-LA oligomers are also found (Schokker, et al., 2000) . The cumulative aggregation of whey proteins, as well as that of β-LG in isolation, has been studied extensively, and the mechanisms of aggregation are well understood. Aggregation and gelation of whey proteins occurs with heating at 70 o C and above. At these temperatures, whey proteins unfold and irreversibly aggregate through exposed hydrophobic groups (Schokker et al., 1999) . Whey protein gelation is affected by the addition of polysaccharide (Beaulieu et al., 2005; Capron et al., 1999; Ould Eleya and Turgeon, 2000) . Polysaccharides are often added to modify the texture and microstructure of whey protein gels, however, the effect of polysaccharides during heat-induced aggregation of whey proteins is not fully understood (Kelly and Milena, 2009) .
Suspensions of whey protein isolates or concentrates can form thermally induced gels (Mleko et al., 1994) . This process can be used for dessert production, but sucrose, which is a dessert component, deteriorates the properties of obtained gels (Mleko, 1997) . The Addition of other gelling agents is therefore necessary. Incorporating κ-carrageenan (κ-car) into whey protein based desserts affects ARTICLE the formation of gels with the production of even higher storage modulus values than for milk based desserts such as yogurt, ice cream and so on. Also, the mechanical spectra of such gels indicated increased strength of whey protein based gels in comparison to milk protein desserts (Mleko, 1997) . This phenomenon can be caused by interactions between whey proteins and κ-car. κ-Carrageenan is highly sulphated polysaccharides found in marine algae, giving them a flexible, gelatinous structure. It is comprised of repeating disaccharide units of 3-linked β-D-galactose 4-sulfate and 4-linked 3, 6-anhydro-α-D-galactose. The κ-car is widely used in dairy products as a stabilizer, and several studies have investigated the mechanism of interaction between carrageenans and milk proteins (Capron et al., 1999; Roesch, et al., 2004; Snoeren, 1976 ). κ-car in milk forms strong, brittle gels, similar to those obtained in water, but much stronger. This phenomenon is known as milk reactivity. Snoeren (1976) reported that κ-car interacts with κ-casein by an electrostatic interaction. This is possible even on the alkaline side of casein's isoelectric point, since the segment of κ-casein from residues 97 to 112 remains positively charged and this enables interactions with the negatively charged sulfate groups of κ-car. In summary, mixtures of whey protein isolate and κ-carrageenan can form thermally induced gels. This phenomenon is caused by interactions between whey protein and κ-car. The textural and rheological characteristics were affected by concentration of WPI or κ-car, presence of other substances, pH and ionic strength.
Generally, κ-car is used to increase emulsion stability, as a stabilizer, and to improve texture, sliceability and juiciness in the food industry moreover, κ-car also has a cryoprotectant effect (Bater et al., 1992; Carr, 1993; Trius and Sebranek, 1996) .
The aim of this study was to investigate the cryoprotective effect of κ-car in frozen dairy foods or desserts. We expect that the conformational change induced interactions between κ-car and whey protein influenced ice recrystallization characteristics. We prepared model matrix of WPI/κ-car mixed gels at different concentrations of WPI (0.2, 1.0, 3.0 and 5.0 wt%), where the concentration of κ-car was fixed at 0.2 wt%. The ice recrystallization characteristics of WPI/κ-car mixtures in 40% sucrose solution have been characterized at -6 o C which was fixed in previous study. In addition, differential scanning calorimetry (DSC) was analyzed for thermal characteristics and zeta potential values of WPI/κ-car mixtures were measured.
Materials and Methods
Reagents and chemicals Whey protein isolate (WPI) powder was purchased from MSC Nutritional Ingredients (Lot No. ML8329A, Bag No. 12, U.S.A), containing 1% soy lecithin as emulsifier. κ-carrageenan was obtained from TCI Chemicals (Lot FGN01, Japan). Sucrose was purchased from a local supermarket and was used without further purification. Distilled water was used to prepare all the solution.
Main Chamber
The cryopreservation of samples was analyzed using a laboratory-made cold chamber (1000×740×800 mm, 20 mm thickness transparent acryl) consisting of an evaporator, compressor, condenser and expansion valve as the main components (Fig. 1) . The inner and outer walls of the cold chamber were insulated with thermal insulator to minimize heat transfer (excepting a window for observation). Ambient temperature of cold chamber could be cooled down to -30 o C with control unit which was capable of decreasing temperature. The temperature of the cold chamber was measured using data logger (2640A Net-DAQ, Fluke Corp., U.S.A). The cold chamber was equipped with thermocouple, fluorescent lamp, silica gel, and a fan. On the front and reverse side of wall, two glove holes were fabricated so as to allow for the use of an internal microscope from outside. The cryopolarization microscope (CX40RF200, Olympus Optical, Co., Ltd, Japan) was housed on one side of the cold chamber, and the sam- 
